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ABSTRACT: Within recent years the utilisation of yaebiomass fuels (e.g. agricultural residues anergy crops)

in biomass combustion processes has gained relevasfortunately, most of these new biomass fueks a
characterised by elevated contents of i.e. N negulh higher NQ emissions. Currently available biomass heating
systems for the combustion of non-wood biomasssfhalve a high system complexity and cost intensdo®ndary
measures have often to be applied. Thus, emis®dnction by primary measures can be a meaningfdl an
economically attractive solution for the developmamd design of biomass combustion systems. Inrorale
investigate the influence of multiple air staging MO, emissions, test run series with different bionfagts have
been performed at a pilot-scale biomass combugilant specially designed for the application of tiplé air
staging. The experimental investigations were agaomed and supported by CFD simulations in ordgyaio more
detailed information regarding NCformation. The results show that the potentialréduce NQ emissions by
multiple air staging is considerable (up to 50% dowNQ, emissions compared to Austrian emission limits
achievable). Thus, NQOeduction by multiple air staging is of relevarigethe development and design of Low-NO
combustion technologies. The application of mudtigir staging may provide a cost attractive altivaato
secondary measures and thereby contributes tondicignt widening of the feedstock potential forah@nd power
production from biomass and the reduction of,Nfhich is a primary contributor to photochemicaiog).
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1 INTRODUCTION AND OBJECTIVES

Within recent years the utilisation of ,new" biornsas
fuels (e.g. agricultural residues and energy craps)
biomass combustion processes has gained relevance.
Unfortunately, most of these new biomass fuels are
characterised by elevated contents of N, S, Cl dsase
ash forming elements. Consequently, compared wih th
combustion of chemically untreated wood fuels, bigh
NO,-, HCI- and S@emissions as well as more severe
ash related problems (aerosol formation, deposit
formation, corrosion, slagging) must be expecte@®, N
emissions from biomass combustion are mainly formed
from the nitrogen that is contained in the fuel and
depends on the operational conditions during cotidius
Thermal and prompt NOformation is almost negligible
[1, 2].

Currently available biomass heating systems for the

combustion of non-wood biomass fuels show a high
system complexity and cost intensive secondary
measures have often to be applied to keep stristsean
limits. Previous studies which summarize and evalua
data available regarding the influence of air stggbn
NO, and PM emissions for fixed-bed biomass
combustion have shown that proper air staging is a
meaningful measure for NGeduction [3, 4, 5, 6]. Air-
staging means that the combustion air is introdunta
different zones of the combustion chamber. In moder
biomass furnaces the combustion chamber is usually
separated into a reduction zone where devolatiisat
and an oxidizing zone where complete burnout ofltre
gas takes place. Advanced air staging means that ai
staging takes place under well-defined conditiomd iz
a controlled way and that also flue gas recircatatis
considered in the overall concept. According to7168]
30 to 70% NQ reduction can be achieved by air staging.
Thus, emission reduction by air staging (primary
measures) can be a meaningful and economically
attractive solution for the development and desifn

biomass combustion systems.

The scope of this work is the investigation of alye
developed 400 kW biomass combustion technology with
multiple air-staging with respect to NGmissions as
well as the related conversion mechanism of thé- fue
bound N by means of test runs as well as CFD
(Computational Fluid Dynamics) simulations. Multiple
air staging means that the combustion takes placed
in different zones (in sum in 4 different react@ones) of
the combustion plant under well-defined conditi@msl
also recirculated flue gas is considered (see Eigyr
The experimental investigations were accompanietl an
supported by CFD simulations in order to gain more
detailed information regarding NOformation and to
reduce the number of test runs needed. The owarall
was to achieve a fuel flexible and low N®©peration
without the need of additional secondary measugas (
SNCR) or at least with considerably reduced efforts
regarding secondary measures (less  additive
consumption). Thus, the understanding of the releva
influencing parameters on NO formation (e.g.
temperature, residence time and variations intagiisg)
is of great relevance for a low N@ombustion of non-
wood biomass fuels.

2 METHODOLOGY

In order to investigate the influence of multiplie a
staging on NQ emissions, test run series with different
biomass fuels (sunflower husk, miscanhtus, wheainst
and hardwood) have been performed at a newly
developed 400 kW biomass combustion plant specially
designed for the application of multiple air stagiThe
experimental investigations were accompanied and
supported by CFD (Computational Fluid Dynamics)
simulations.
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2.1 Testing plant

A scheme of the testing plant with a thermal capaci
of 400 kW is shown in Figure 1. The plant is eqeipp
with a screw feeder, a horizontally moving gratduel
bed section coupled to the gas burner with seggrate
controllable combustion air and recirculated fluasg
supplies. Multiple air staging is applied in order
efficiently reduce NQ emissions in the flue gas. The
primary combustion chamber is geometrically separat
from the main combustion chamber. Primary air and
recirculated flue gas are supplied to the primary
combustion zone below the grate. The main combustio
chamber (gas burner) is separated into two differen
reaction zones, a reducing (secondary combustioe)zo
and an oxidising zone (tertiary combustion zone).
Secondary air 1 and 2 (reducing zone) as well disute
air (oxidising zone) are injected through radialreizzles
in order to provide efficient mixing of the unbuchiue
gas with the combustion air for a complete burnout.
Furthermore, recirculated flue gas for temperatarrol
is injected in the reducing zone of the combustion
chamber. A selected set of test runs per fuel was
performed in order to evaluate different influemgin
parameters.

The cylindrical combustion chamber is surrounded by
the radiant boiler section. Downstream the combusti
chamber the convective section of the warm watdeibo
is located.
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Figure 1: Scheme of the testing plant and the
measurement set-up for test runs

The control system of the testing plant is based on
combined load and combustion control. Load consol
provided by regulation of the primary air and thelf
feed. Combustion control is achieved by the regutatif
secondary and tertiary air feeds guided by thg O
concentration in the flue gas (lambda sensor). rEtie
between secondary and tertiary air can be chodee. F
gas recirculation in the combustion chamber is rabied
in dependence of the combustion chamber temperature
Therefore, all air and flue gas flow rates are calgd by
means of automatic valves.

2.2 Measurement and analyses methods applied

A significant number of different measurement and
sampling technologies was applied in order to ately
evaluate the testing plant as well as to investigae
NO, emissions (see Figure 1).

To define the performance of the plant, charadteris
process data such as air flow rates, temperatardisei
different combustion zones and boiler loads were
recorded continuously. The combustion air flows ehav

been measured with hot wire anemometers (Type: Bosch
HFM-5) and the amounts of recirculated flue gas ted
flue gas downstream the boiler have been measuited w
Prandtl tubes. Moreover, the composition of the fjas

at boiler outlet was continuously measured by using
standard flue gas analysers for (Paramagnetic sensor),
CO and NO (NDIR) and the different fuels used have
been analysed regarding their chemical compositiiim
special focus on N. Moreover, the release of thg NO
precursors (N5l HCN, NO, NQ) during conversion in
the gas phase for the fuels investigated has been
measured in lab-reactors and was considered for CFD
simulations [9]. The moisture content of fuel sagsphas
been determined according to ONORM EN 1SO 18134-1:
2015 12 15 (determination of the weight loss during
drying at 105°C until a constant weight is reachdtte

ash content has been determined according to ONORM
EN I1SO 18122: 2016 02 15 by determination of theslo

of ignition at 550°C. C, H and N contents have been
analyzed according to ONORM EN I1SO 16948: 2015 07
15 (combustion and subsequent gas-phase
chromatographical separation and measurement in an
elemental analyser).

2.3 Performance of test runs

Comprehensive test runs with accompanying
measurements and analyses have been performed at th
testing plant in order to investigate the N@€missions.
Test runs at nominal, at medium (50% nominal |cau)
at partial load (25%) have been performed with wood
chips and with selected agricultural fuels. Paléidy,
the following fuels have been tested:

« conventional hardwood chips

* miscanthus pellets

e straw pellets with 4 wt.% kaolin

« sunflower husk pellets

Within the scope of the test runs performed thio¥ahg
parameters influencing the NQGemissions have been
investigated:

< Air ratio in the secondary combustion zone 1
¢ Air ratio in the secondary combustion zone 2
e Load

The air ratio in secondary combustion zone 1 (SCZ 1)
is defined as the ratio of the amount of oxidisaggnts
supplied into SCZ 1 (induced by primary air, fluesga
recirculation below grate and secondary air 1) cidi
through the amount of oxidising agents needed for
stoichiometric combustion. The air ratio in theaatary
combustion zone 2 (SCZ 2) is defined as the ratithef
amount of oxidising agents supplied into SCZ 2 (oetu
by primary air, flue gas recirculation below grate,
secondary air 1 and 2 and flue gas recirculatioBQZ)
divided through the amount of oxidising agents meed
for stoichiometric combustion. The air ratio in theel
bed is defined as the ratio of the amount of okidis
agents supplied into the fuel bed (primary air $yimd
flue gas recirculation below grate) divided throuijie
amount of oxidising agents needed for stoichioroetri
combustion and the total air ratio is defined asrttio of
the supplied amount of oxidising agents with th&lto
combustion air (primary, secondary and tertiary air
supply) divided through the amount of oxidising rige



Mandl C.; Obernberger I., Knautz H.: Reduction of Ngnissions from automated boilers by multiple &gsg. To be
published in the proceedings of theé"2Buropean Biomass Conference & Exhibition, May 20t8penhagen, Denmark,

ETA-Renewable Energies (Ed.), Italy

needed for stoichiometric combustion. The totalraiio
was kept almost constant during the test runs|(tta
ratio = 1.2 — 1.25).

In a first test series the influence of the aiiorah
SCZ 1 has been evaluated with a constant air ratR0zZ
2 and a constant boiler load of 200 kW (medium Joad
a second test series the influence of the air mt®CZ 2
has been evaluated with a constant air ratio in $@#d
a constant boiler load of 200 kW. For the next sestes
different operating conditions influencing N@missions
have been adjusted (temperature in the combustion
chamber and load). The different test series haenb
performed with all 4 fuels selected.

During the test runs the amount of primary airgeflu
gas recirculation and fuel feed were automatically
controlled by the standard control system of thanpl
Secondary air 1 and 2 were manually adjusted tsithe
constraints of the specific test run. The side tairgs
for all test runs performed have been determingl am
in-house developed calculation program before ds t
runs started. This program calculates the needediats
of primary combustion air, secondary combustion lair
and 2 and tertiary air as well as flue gas recatioih on
the basis of mass and energy balances for a defined
combustion condition (defined air ratio in the S®4iler
load and total air ratio). The plausibility of tbalculation
has been checked by comparing calculated with medsu
data. In this respect also the amount of false air
(difference between calculated and measured coiobust
air) has been evaluated as false air cannot beatieat
and may lead to wrong set-point values for an agéoh
air staging. During the test runs performed theraye
false air input could be kept very low and amourtied
max. 5% (related to the total combustion air input)

2.4 CFD simulations

The experimental investigations were accompanied
and supported by CFD simulations in order to gaimemo
detailed information regarding NOformation and to
reduce the number of test runs needed.

In order to carry out the CFD simulations considgrin
the NQ, formation a special code considering the
conversion of the tars released from the fuel trsildeen
developed and applied [9]. BIOS developed a tar
conversion model for the simulation of gas burnéia.
that purpose the CFD gas phase model was extended by
N-rich and a N-free tar species as well as by antak
decomposition reaction and a partial oxidation tieac
for each tar species. The differentiation betweericN
and N-free species is especially important forlefdang
simulation of the formation of NOThe composition and
amount of the tar species is either fitted to daten
analyses and measurements or determined based on
detailed bed simulations in combination with eletaén
balancing and analysis. Moreover, an in-house deesl
CFD code regarding NCformation has been applied in
order to optimise the burner geometry and air stagi
strategies regarding Low-NOoperation [2]. Table |
gives an overview over the CFD models considered.

Tablel: Overview over CFD models applied

model

Fixed bed combustion
Turbulence

Empirical in-house model [10]
Realizable & Model

Gas phase combustion Eddy Dissipation Mode
global methane 3-step
mechanism (Ck CO, CQ,
H,, H,O und Q)

Discrete Ordinates Model

3D - heat conduction in the
metal sheet surrounding the
combustion zone

Extension of the gas-phase-
model with  nitrogen-free
and nitrogen containing tars,
each with oxidation and
thermal decomposition
reactions [9]

Eddy Dissipation
(EDC) / "Skeletal
Kilpinen97" reaction
mechanism (28 species, 104
reactions) - Calculation of
NO, formation in post-
processing based on gas phase
combustion simulation with
EDC [2]

Radiation
Shell-conduction model

Tar conversion model

NO, formation model Concept

3 RESULTS

In this section the results of the measurements
performed with the testing plant as well as setkcte
results of the CFD simulations performed are
summarised.

All test runs and measurements have been performed
under stationary conditions of the testing planithvéach
fuel representative constant load operation testsew
performed. The test runs should provide data and
experiences regarding the influence of air staging
different loads on the NGemissions.

3.1 Fuel analysis

Table Il shows the composition of the fuels tested.
The N content of the agricultural fuels varied begtw
0.28 and 0.79 wt% (d.b.) which are on typical valfer
agricultural crops and significantly higher tham feood
fuels (the N content of the hardwood chips withkbar
amounted to 0.14 wt% d.b.).

Due to the high N content of sunflower husks and
wheat straw it is of great importance to operate a
combustion plant under optimal air staging condgido
keep NQ emissions at a low level as N@missions
increase with the N content of the fuel (see Fidi)réThe
GCVs of the fuels are in a comparable range, somewha
lower for wheat straw due to the high ash content.

Agricultural fuels typically have a low moisture
content (<10 wt% w.b.) which leads to high comtarsti
temperatures. Therefore, flue gas recirculation and
furnace wall cooling are needed in order to keep th
temperature in the combustion chamber in an acolpta
range. Wheat straw has been additivated with kadlin
wt.% additive related to dry fuel) in order to liease the
ash melting temperatures and to reduce the K-releas

3.2 Results of test runs performed with the tespilagt
For all fuels tested operation at stable load dooh

could be achieved. In Figure 2 the emissions trends
regarding CO and NQas well as the trends regarding
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load and relevant temperatures for miscanthus tpedie

fuel are presented. Regarding a correct assessnfient o
NO, emissions a complete burnout is important since
NO, emissions are affected by the burnout quality. The
burnout quality is influenced by the furnace tedbgg

and by the total air ratio. An important indicafor the
burnout quality are the CO emissions. Consequetitéy,

Tablell: Chemical compositions of fuels tested

dependency of the CO emissions on the total aiv tes
been determined for full and part load. In genetiad
testing plant showed a very stable operating behder
all fuels tested indicated by a high burnout qyalit the
flue gases and by very low CO emissions.

Explanations: w.b. ... wet basis; d.b. ... dry baG€)V ... gross calorific value

Miscanthus Sunflower husk Wheatstraw pellet  Wood chips
pellets pellets + 4 wt.% kaolin (hard wood)
moisture wt% w.b. 8.t 10.t 9.7 18.€
ash content wit% d.b. 2.€ 3.€ 9.t 15
GCV kJ/kg d.b. 19.: 20.2 17.7 19.€
C wt% d.b. 48.C 50.1 44.C 49.F
H wt% d.b. 6.C 5.¢ 5.7 5.9
N wit% d.b. 0.2¢ 0.79 0.6¢ 0.14
200 -
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Figure 2: Trends regarding load as well as, @O and
NO, contents in the flue gas during a test run with
miscanthus pellets

Explanations: emissions related to the NCV of tred f

The average CO emissions amounted to values below
5 mg/MJ (related to the NCV of the fuel). The oxygen
content of the flue gas was on average 3.5 vol%.)d.
Therefore, it can be concluded that constant ojoerait
very good burnout conditions of the flue gas cobéil
achieved. A good burnout quality could be reacloechf
fuels tested resulting in very low average CO (< 10
mg/MJ, related to NCV of the fuel) at a total excass
ratio of 1.2-1.3 for all load ranges tested.

Figure 3 and Figure 4 show the influence of the air
ratio in the secondary combustion zone (SCZ 1 arah?2)
NO, emissions for medium load operation. The results
show that the air ratio in the SCZ has a stronlyénfce
on NQ, emissions. An optimum can be observed at an air
ratio in the SCZ 1 between 0.4 and 0.45 and atraatio
in the SCZ 2 between 0.8 and 0.9. The highest NO
emissions have been observed at low air ratioserSiCZ
1 (< 0.4) and in the SCZ 2 (< 0.8). The strongest
dependence on N@missions in the flue gas is given by
the air ratio in SCZ 1. This can probably be attioluto
the increasing flue gas temperatures with increasin
ratios in the SCZ resulting in a faster crackinghef N
containing tars into NQ precursors and therefore a
longer residence time for NOeduction under reducing
conditions (see chapter 3.3).

Figure 3: Air ratio in SCZ 1 versus NQemissions for
constant loads

Explanations: emissions related to related of NC\thef
fuel; boiler load: 200 kW)gcz, = 0.8-0.9; total air ratio =
1.2

Figure 5 shows the influence of the load on,NO
emissions. The results show that Ngnissions at partial
load are considerably lower than at full load.

200

180
160
=
g 140 - i
A m i
£ 120 ’ ;
g 3
g 100 * + &
&
E 80
?
o 60
z
40
20
0 T T T
0.70 0.75 0.80 0.85 0.90 0.95 1.00
air ratio in the SCZ2
+ mi pellets mwheat straw pellets A sunflower husk pellets \

Figure 4: Air ratio in SCZ 2 versus NQOemissions for

constant loads

Explanations: emissions related to the NCV of thel;fu
boiler load: 200 kW\gcz, = 0.35-0.42; total air ratio =
1.2

This can probably be attributed to different resime

times and temperatures of the flue gas in the iiaduc
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zone of the combustion chamber as the reducticihef
nitrogenous species to,Ns a function of residence time
and temperature [2]. Thus, increasing residencee tim
decreases NQemissions, which is in line with previous
studies which also confirm these findings [3, 4, 5]
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Figure5: NO, emissions for varying load conditions
Explanations: emissions related to the NCV of thel;fu
Ascz1 = 0.4;Ascz2= 0.8; total air ratio = 1.2-1.25

Figure 6 shows the NQreduction potential by
applying an efficient multiple air-staging concefihe
figure clearly indicates that NGemissions increase with
increasing N content in the fuel. Consequently, an
efficient air staging concept has rising importarioe
biomass fuels with elevated N contents. Figure $p al
shows the variation of NOemissions measured during
the test runs performed and demonstrates that |@y N
emissions are also achievable for fuels with ekxbat
contents by an efficient application of primary me@s.
The results show that the potential to reduce, NO
emissions by primary measures is considerable ag NO
emissions varied e.g. for sunflower husk pelletsvben
106 and 169 mg/MJ (related to the NCV of the fuel).
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Figure 6: NO, emissions of fuels tested in dependence of
the N content in the fuel

Explanations: emissions related to the NCV of thel;fu
boiler load: 200/400 kW; total air ratio = 1.2-1;25
emission limits according to ,Feuerungsanlagen-
Verordnung“ (FAV, Austria) valid for untreated wood
(133 mg/MJ) as well as for straw and other herbaseo
fuels (216 mg/MJ) like grains, grasses and misass)th
emissions related to NCV of fuel

In comparison to relevant Austrian emission limits
the NQ, emissions of the testing plant applying optimized
air staging are considerably lower (up to 50%).

In Figure 7 the amount of fuel N converted to NO

versus the N content in the fuel is shown for thifecknt
fuels tested. The rate of fuel-bound nitrogen caeeto
NO, varies between 26 wt.% for wood chips and 8 wt%
for sunflower husk pellets. Figure 7 clearly indesathat
the N conversion rate increases with decreasing N
content in the fuel. However, although the conwarsi
rate of the fuel-N is lower for fuels with high Mmtent,

the total NQ emissions are higher (see Figure 5).

50%

o 459 | Owheat straw pellets msunflower husk pellets
S
é 40% || COmiscanthus pellets mwood chips il
@
o 35%
H4
c
Z 30%
)
T 25% u
5
z 20%
)
z 15% =
g
£ 10% L]
°
T 5%
0%

01 1
Fuel-N [mg/kg d.b.]

Figure 7: Fuel N converted to NOn dependence of N
content in the fuel for the fuels tested
Explanations: source of data: [11]

3.3 Results of the CFD simulations performed

The experimental investigations were accompanied
and supported by CFD simulations in order to gaimemo
detailed information regarding NOformation and to
reduce the number of test runs needed. Here ongvagn
to find a burner configuration which enables an adtn
complete burnout and therefore low CO emissions as
well as to optimise the burner geometry and aigista
strategies regarding Low-NOoperation. In addition,
CFD simulations have been performed for wheat straw
pellets (high N content) in order to optimise thie a
staging strategies and to evaluate the influendbeN-
content of the fuel on NCemissions.

Figure 8 shows the results of the CFD simulations
regarding NQ@ formation in the combustion chamber
(until entry into the T heat exchanger duct) for wheat
straw pellets (with a N content of the fuel of 0VB{7%).

Figure 9 shows the release of the ,N@recursors
(NH3;, HCN and NO) during conversion in the gas phase.
HCN is mainly released from the tars in the secondar
combustion zone 1, so that locally very high HCN
concentrations occur. Low HCN concentrations extend
into the area of the tertiary air injection and available
in the SCZ for NO reduction. HCN is mainly reduced in
the area of the secondary air 2 nozzles, a smdlirpthe
area of the secondary air 1 nozzles.
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Figure 8: Results from CFD simulations - Iso-surfaces of
NO concentrations in the vertical cross-sectionthof
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Explanations: NQconcentrations as the sum of NO, NO
and NO concentrations in ppmv; CFD simulation
performed at steady state at nominal load (400 kb
load); N content of the fuel (wheat straw): 0.57.%wt
d.b.;Ascz1 = 0.35;A5cz2 = 0.95; total air ratio = 1.23

In addition, NH released from the fuel bed is mainly
reduced in the area of the secondary air 2 nozldsto
some extent in the area of the secondary air 1lleszin
the SCZ 2 there are only small traces of;Neft. No
formation of thermal NO was observed, since the
temperature peaks are below 1,400 ° C.
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Figure 9: NO, NH; and HCN concentrations in the
combustion chamber plotted against the axis of the
combustion chamber for wheat straw pellets based on
CFD simulation results

Explanations: NO, Nkl and HCN concentrations in
[ppmv]; CFD simulation performed at steady state at
nominal load (400 kW boiler load); N content of fael:

0.57 wt.% d.b.; SA ... secondary air; TA ... tertiaiy, a
gas released from the fuel bed at 0 cm (x-axigxis-...
length of the radial combustion chamber

Figure 10 shows the results of the CFD simulations
regarding the local TFN/TENratios during conversion
in the gas phase. TFN (total fixed nitrogen) isriass of
all N-moles contained in NO, NJANG,, HCN and NO,
released from the fuel bed. NO reduction mainlyetak
place in the area of the secondary air 2 injection.

The simulated NQconcentration at the inlet to th& 1
heat exchanger duct for straw is 183 mg/MJ anavfmrd
chips 86 mg/MJ (based on N@nd related to the NCV of
the fuel). In comparison, the measured values ddriv
from the test runs with the testing plant with whstsaw

pellets (with a comparable N content of 0.69) arwbav
chips were in the range of 170 mg/MJ for straw and
the range of 73 mg/MJ (based on Nahd related to the
NCV of the fuel) for wood chips — considering thensa
air staging as it was applied for the CFD simulati¢see
also Figure 6). Thus, test run results are in good
agreement with the results of the CFD simulationd an
confirm the practicability of the applied CFD models
These findings concerning NOemissions and the
conversion of the fuel-bound N of different non-woo
biomass fuels are of great relevance for the ateura
modelling of Low-NQ combustion chambers.

v
02
SCZ 1 SCzZ 2
= Secondary air 1 Secondary air 2 Tertiary air
0

Figure 10: Results from CFD simulations - Iso-surfaces
of local TFN/TFN, ratios in the vertical cross-section of
the combustion chamber

Explanations: TFN ... mass of all N-moles contained i
NO, NHs;, NO,, HCN und NO, released from the fuel
bed; CFD simulation performed at steady state atimalm
load (400 kW boiler load); N content of the fuel5D
wt.% d.b.;Ascz1 = 0.35;h5c2> = 0.95; total air ratio = 1.23

5 SUMMARY AND CONCLUSIONS

In order to investigate the influence of multiplie a
staging on NQ emissions, test run series with different
biomass fuels (miscanthus, wheat straw, sunflowskh
and hardwood) have been performed at a newly
developed 400 kW biomass combustion technology
specially designed for the application of multipdé
staging. Test runs have been performed at statidoad
conditions. A good burnout quality could be reached
resulting in low average CO 5 mg/MJ (related to the
NCV of the fuel) at a total excess air ratio of-1.3 for
all fuels and loads tested.

The clearest and strongest dependence on, NO
emissions in the flue gas was given by the aipratithe
reduction zone of the combustion chamber. This can
probably be attributed to the increasing flue gas
temperatures with increasing air ratios in the sdeoy
combustion zone resulting in a faster crackinghaf N
containing tars into NQprecursors and therefore a faster
reduction of NQ. An optimum can be observed at an air
ratio in SCZ 1 between 0.4 and 0.45 and at an tdr ia
SCZ 2 between 0.8 and 0.9. The strongest dependance
NO, emissions in the flue gas is given by the airoraii
SCZ 1 of the combustion chamber.

A second relevant influencing parameter identified
the residence time in the secondary combustion. Zkime
results show that NCemissions at partial load are lower
than at full load. This can probably be attributedthe
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different residence times and temperatures ofltteedas
in the reduction zone of the combustion chambeusTh
increasing residence time decreases, @issions. In
comparison to relevant Austrian emission limits M@,
emissions of the testing plant applying optimized a
staging are considerably lower (up to 50%).

The experimental investigations were accompanied
and supported by CFD simulations in order to gaimemo
detailed information regarding NGormation. The NQ
precursors HCN and Nffre released from the fuel bed
and, in case of HCN, also in SCZ 1 from the tars, aned
mainly reduced at the beginning of SCZ 2. Test run
results confirm the results of the CFD simulatiomsl a
verify the models applied. The findings concernii@,
emissions are of great relevance for the accurate
modeling of Low-NQ combustion chambers.

It could be show that NQOreduction by multiple air
staging (primary measures) is of relevance for the
development and design of Low-NOcombustion
technologies which are tailored to the demandsawi- n
wood fuels particularly with regard to fuels witigh N
content as NQ emissions increase with increasing N
content in the fuel. Thus, the application of npldi air
staging may provide a cost attractive alternatioe t
secondary measures and thereby contributes to a
significant widening of the feedstock potential foeat
and power production from biomass and the reduaifon
NO,, which is a primary contributor to photochemical
smog.
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